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VWUXW DQG WLHPRGHO HWF5RFD >@ VWXGLHG DERXW WKH SRVVLELOLW\ RI XVLQJ VLPSOH HTXLOLEULXPPRGHOV 670 IRU
HVWLPDWLQJWKHXOWLPDWHFDSDFLW\RIPDVRQU\ZDOOVDQGVXJJHVWHGWKHWHQWDWLYHUXOHVIRUWKHFRQVWUXFWLRQRIWKHPRGHOV
IRUVROLGZDOOVXQGHUGLIIHUHQWORDGLQJFRQGLWLRQV9RRQ>@VXJJHVWHGWZRVWUXWDQGWLHPRGHOVDQGFRPSDUHGWKH
DFFXUDF\RI WKHPRGHOV VXJJHVWHG1ROSK>@ LQYHVWLJDWHG WKHHIIHFWLYHQHVVRI WKH06-&VKHDUVWUHQJWK
HTXDWLRQVDQG LGHDOL]HG WUXVVPRGHO IRUSUHGLFWLQJ WKHVKHDUVWUHQJWKRISDUWLDOO\JURXWHGPDVRQU\ZDOOV)URPWKH
SUHYLRXVUHVHDUFKZRUNVLWZDVFOHDUWKDWWKHVWUXWDQGWLHPRGHOFDQEHXVHGDVDQHIIHFWLYHWRROIRUDVVHVVPHQWRI
PDVRQU\7KHSRVVLELOLW\RIXVLQJVWUXWDQGWLHIRUWKHDVVHVVPHQWRIPDVRQU\ZDOOVKDVQRWUHFHLYHGPXFKDWWHQWLRQ
7KHUHLVQRVXIILFLHQWFRGHSURYLVLRQVIRUWKHDVVHVVPHQWRIWKHFRQILQHGPDVRQU\ZDOOVVRPHRIWKHUHVHDUFKHUVXVHG
WKHUHFRPPHQGDWLRQVIRUWKHSDUWLDOO\JURXWHGPDVRQU\ZDOOVIRUWKHDVVHVVPHQWRIWKHFRQILQHGPDVRQU\ZDOOV7KH
H[LVWLQJDQDO\WLFDOPRGHOVFRXOGQ¶WVLPXODWHWKHEHKDYLRURIPDVRQU\VWUXFWXUHVDFFXUDWHO\7KLVLVGXHWRWKHFRPSOH[
PDWHULDOSURSHUWLHVDQGFRPSRVLWLRQRIPDVRQU\

7KHSULPHREMHFWLYHVRIWKLVZRUNDUHDVIROORZV

 7RSUHGLFWWKHVKHDUVWUHQJWKRIWKHFRQILQHGPDVRQU\ZDOOVVXEMHFWHGWRLQSODQHORDGV
 ,QYHVWLJDWHWKHSRVVLELOLW\RIXVLQJVWUXWDQGWLHPRGHOVIRUSUHGLFWLQJWKHXOWLPDWHVWUHQJWKRIFRQILQHGPDVRQU\
ZDOOVVXEMHFWHGWRLQSODQHORDGV
 7RYDOLGDWHWKHIRUPXODVDYDLODEOHLQWKHFRGHIRUVKHDUVWUHQJWKSUHGLFWLRQ
6KHDU6WUHQJWK5HVLVWDQFH
7KHLQSODQHVKHDUVWUHQJWKUHVLVWDQFHRIPDVRQU\LVFDOFXODWHGXVLQJIROORZLQJPHWKRGV
2.1. Shear strength using strut and tie model 
6WUXWDQGWLHPRGHOOLQJ670LVDYHUVDWLOHORZHUERXQGLHFRQVHUYDWLYHGHVLJQPHWKRGIRUUHLQIRUFHGFRQFUHWH
VWUXFWXUDOFRPSRQHQWV,Q670WKHFRPSOH[IORZRIIRUFHVWKURXJKDVWUXFWXUDOFRPSRQHQWLVILUVWVLPSOLILHGLQWRD
WUXVVPRGHONQRZQDVDVWUXWDQGWLHPRGHO7KHDGYDQWDJHRXVRIXVLQJVWUXWDQGWLHPRGHODUHLWLVVLPSOHOHVVWLPH
FRQVXPLQJDQGEHWWHUDFFXUDF\)LJVKRZVDWZRGLPHQVLRQDOVWUXWDQGWLHPRGHOIRUFRQILQHGPDVRQU\ZDOOV


)LJ6WUXWDQGWLHPRGHOIRUFRQILQHGPDVRQU\
7KHVWUHQJWKRIZDOOLVWKHKRUL]RQWDOORDGDWZKLFKWKHIRUFHLQFRPSUHVVLRQVWUXWZDVDSSUR[LPDWHO\DWWKHVWUHQJWK
RIWKHFRPSUHVVLRQVWUXWRUDWHQVLRQWLH\LHOGHGSULRUWRWKHIDLOXUHRIDFRPSUHVVLRQVWUXW
&RPSUHVVLRQVWUXWVWUHQJWKZDVGHWHUPLQHGDVSUHVHQWHGLQ$&,$SSHQGL[$7KHQRPLQDOFRPSUHVVLYH
VWUHQJWKRIDVWUXWLVWKHPLQLPXPRIFns RUFnnLVJLYHQE\(TXDWLRQV
1RPLQDOFRPSUHVVLYHVWUHQJWKRIDVWUXW
Fns = fce × Acs          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Fce = 0.85×ȕs×f'm          
1RPLQDOFRPSUHVVLYHVWUHQJWKDWQRGDO]RQH
Fnn = fce × Anz           
Fce = 0.85×ȕn×f'm           
1RPLQDOWHQVLOHVWUHQJWKRIDWLH
Fnt = fy × Ats           
ȕs IRUDVWUXWRIXQLIRUPFURVVVHFWLRQDODUHDRYHULWVOHQJWK
ȕn IRUDQRGDO]RQHDQFKRULQJWZRRUPRUHWLHV
2.2. Finite element modelling 
)LQLWHHOHPHQWPRGHOOLQJWHFKQLTXHVDYDLODEOHIRUPRGHOOLQJLQSODQHEHKDYLRXURIZDOOVDUHDVIROORZV

 0LFURPRGHOOLQJZKHUHLQWKHXQLWVDQGPRUWDUMRLQWVDUHFRQVLGHUHGVHSDUDWHO\$VVXFKLWEHFRPHVFXPEHUVRPH
WRFUHDWHWKHPLFURPRGHORIZKROHPDVRQU\VWUXFWXUH7KHUHIRUHLWLVFRQVLGHUHGIRUPRGHOOLQJVPDOOVWUXFWXUDO
FRPSRQHQWVHVSHFLDOO\IRUH[SHULPHQWDOZRUNV
 6LPSOLILHGPLFURPRGHOOLQJPHVRPRGHOOLQJZKHUHLQWKHXQLWVDQGWKHPRUWDUDUHQRWGHILQHGVHSDUDWHO\LQVWHDG
WKHXQLWVDUHPRGHOOHGWRJHWKHUDQGLQEHWZHHQWKHPWKHLQWHUIDFHHOHPHQWVDUHSODFHG
 0DFURPRGHOOLQJZKHUHLQWKHPDVRQU\VWUXFWXUHLVPRGHOHGDVDVLQJOHKRPRJHQHRXVPDWHULDO,QWKLVEOHQGHG
SURSHUWLHV RI PRUWDU DQG EULFN FRQVLGHUHG 7KLV DSSURDFK LV FRQVLGHUHG LQ WKLV VWXG\ IRU PRGHOOLQJ PDVRQU\
VWUXFWXUHXVLQJWKH)LQLWHHOHPHQWSURJUDP0,'$6*HQ
2.3. Code recommendations 
Eurocode 6 

,Q(XURFRGH(&WKHQHWGHVLJQLQSODQHVKHDUUHVLVWDQFHRIDPDVRQU\ZDOOHscLVHYDOXDWHGDVWKHVXPRIWKH
VKHDUUHVLVWDQFHRIPDVRQU\Hsd,wDQGWKHVKHDUUHLQIRUFHPHQWHdd,rvDV
'HVLJQLQSODQHVKHDUUHVLVWDQFH6OLGLQJRIWKHPDVRQU\ZDOO7KHRUHWLFDO
Hsc = Hsd,w + Hdd,rv          
6KHDUUHVLVWDQFHRIPDVRQU\Hsd,w 
ܪ௦ௗǡ௪ ൌ 
௙ೡೖ௧௟೎
ఊಾ
          
6KHDUUHVLVWDQFHRIUHLQIRUFHPHQWHdd,rv 
ܪௗௗǡ௥௩ ൌ ͲǤͺͲ͸݊݀௥௩ଶ ට
௙೘ೖ
ఊ೘
௙೤
ఊೞ
        
fvk = fvo + μc ıd            
0D[LPXPOLPLWWRWKHVKHDUUHVLVWDQFHSURYLGHGE\PDVRQU\DQGVKHDUUHLQIRUFHPHQWWRJHWKHU଴Ǥଷ௙೘௟೎௧
ఊ೘

MSJC (2013) Building Code Requirements for Masonry Structures. 

,Q06-&WKHQRPLQDOVKHDUVWUHQJWKRIPDVRQU\ZDOOVnLVFRPSXWHGDVWKHVXPRIVKHDUVWUHQJWKSURYLGHG
E\WKHPDVRQU\VnmDQGVKHDUVWUHQJWKSURYLGHGE\VKHDUUHLQIRUFHPHQW Vns. 
Vn  Vnm Vns) ߛg         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6KHDUVWUHQJWKSURYLGHGE\WKHPDVRQU\Vnm 
௡ܸ௠ ൌ ͲǤͲͺ͵ ቂͶǤͲ െ ͳǤ͹ͷቀ
ெೠ
௏ೠௗೡ
ቁቃܣ௡௩ඥ݂Ԣ௠ ൅ ͲǤʹͷ ௨ܲ       
6KHDUVWUHQJWKSURYLGHGE\VKHDUUHLQIRUFHPHQW Vns 
௡ܸ௦ ൌ ͲǤͷ ቀ
஺ೡ
௦
ቁ ௬݂݀௩          
0D[LPXPOLPLWWRWKHVKHDUVWUHQJWKSURYLGHGE\PDVRQU\DQGVKHDUUHLQIRUFHPHQWWRJHWKHU
௡ܸ ൑ ൫ͲǤͶͻͺܣ௡௩ඥ݂ᇱ௠൯ߛ௚݂݋ݎ
ெೆ
௏ೠௗೡ
൑ ͲǤʹͷ       
௡ܸ ൑ ൫ͲǤ͵͵ʹܣ௡௩ඥ݂ᇱ௠൯ߛ௚݂݋ݎ
ெೆ
௏ೠௗೡ
൒ ͳǤͲ        
5HVXOWVDQGGLVFXVVLRQV
7KHXOWLPDWHVKHDUVWUHQJWKUHVLVWDQFHRIFRQILQHGPDVRQU\ZDOOVVXEMHFWHGWRLQSODQHORDGVXVLQJ6WUXWDQG7LH
PRGHO)(DQDO\VLVDQGGLIIHUHQWFRGHUHFRPPHQGDWLRQVZHUHFDOFXODWHGDQGFRPSDUHG7KH+/+HLJKW/HQJWK
UDWLRRIWKHZDOOVHFWLRQFRQVLGHUHGIRUVWXG\DUHDQG7KHKHLJKWRIWKHZDOOIL[HGDVP
DQGOHQJWKYDULHGWKLFNQHVVRIZDOOPDQGWKHGLPHQVLRQVRIFRQILQHPHQWLV[P)RUWKHVDPH+/
UDWLRVWKHSHUFHQWDJHRIWKHFRQILQLQJUHLQIRUFHPHQWȡWDORQJDOVRYDULHGIURPWRRIWKHKRUL]RQWDOFURVV
VHFWLRQ)LJXUHWRVKRZVWKHYDULDWLRQRIVKHDUVWUHQJWK?5HVLVWDQFHIRUWKHGLIIHUHQW3HUFHQWDJHRIVWHHOIRUGLIIHUHQW
+/UDWLRV

)LJ6KHDUVWUHQJWK?5HVLVWDQFH966WHHOIRU+/

)LJ6KHDUVWUHQJWK?5HVLVWDQFH966WHHOIRU+/
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
)LJ6KHDUVWUHQJWK?5HVLVWDQFH966WHHOIRU+/

)LJ6KHDUVWUHQJWK?5HVLVWDQFH966WHHOIRU+/
)URPWKHUHVXOWV LWZDVIRXQG WKDW WKH06-&	(&VKHDUHTXDWLRQVDUHRYHUHVWLPDWLQJVKHDUVWUHQJWKDW
KLJKHUSHUFHQWDJHRIFRQILQLQJUHLQIRUFHPHQW,Q06-&RU(&UHFRPPHQGDWLRQWKHVKHDUVWUHQJWKLVFDOFXODWHG
DVWKHVXPRIWKHVKHDUVWUHQJWKRIWKHPDVRQU\DQGWKHVKHDUVWUHQJWKRIWKHUHLQIRUFLQJVWHHO7KHFUXVKLQJRIWKH
PDVRQU\LQVLGHWKHFRQILQHPHQWLVWKHUHDVRQIRUWKLV
:KLOHFRPSDULQJWKHUHVXOWVLWZDVIRXQGWKDWWKHVKHDUVWUHQJWKSUHGLFWHGE\WKHVWUXWDQGWLHPRGHOLVVDWLVIDFWRU\
ZKHQWKH+/UDWLROHVVWKDQRUHTXDOWRDQGLWVDFFXUDF\LVGHFUHDVHGZLWKWKHLQFUHDVHLQWKH+/UDWLR:KHQWKH
+/JUHDWHUWKDQWKHVWUXWDQGWLHPRGHORYHUSUHGLFWVWKHVKHDUVWUHQJWK7KLVLVPD\EHGXHWRWKHVKLIWLQJRIWKH
IDLOXUHPHFKDQLVPIURPVKHDUIDLOXUHWRWKHIOH[XUDOIDLOXUHVWUXWDQGWLHPRGHOLVPRUHVXLWDEOHIRUVWUXFWXUHVZKLFK
IDLOVLQVKHDU0RUHVWXGLHVUHTXLUHGLQWKLVDUHD7KHUHZDVQRVLJQLILFDQWLQFUHDVHLQWKHVKHDUVWUHQJWKDIWHURSWLPXP
SHUFHQWDJHRIFRQILQLQJUHLQIRUFHPHQW7KHVWUXWDQGWLHPRGHOFDQEHXVHGWRILQGWKHRSWLPXPSHUFHQWDJHRIWKH
FRQILQLQJ VWHHO 2SWLPXP SHUFHQWDJH RI VWHHO LV WKH PLQLPXP SHUFHQWDJH RI VWHHO UHTXLUHG WR UHVLVW WKH WHQVLRQ
GHYHORSHGLQWKHWLHZKHQWKHIRUFHLQFRPSUHVVLRQVWUXWZDVDSSUR[LPDWHO\DWWKHVWUHQJWKRIWKHFRPSUHVVLRQVWUXW
GXHWRDQH[WHUQDOKRUL]RQWDOORDG
&RQFOXVLRQV
,QWKLVZRUNWKHSRVVLELOLW\RIXVLQJVWUXWDQGWLHPRGHOLQDQDO\VLVRIFRQILQHGPDVRQU\ZDOOVLVVWXGLHG6KHDU
VWUHQJWK ? UHVLVWDQFHZDVFDOFXODWHGXVLQJ&RGH UHFRPPHQGDWLRQV)(0$QDO\VLV VWUXW DQG WLHDQDO\VLV7KH UHVXOW
REWDLQHGLVFRPSDUHG7KHVKHDUVWUHQJWKZDVFDOFXODWHGIRUGLIIHUHQWZDOOVRIGLIIHUHQW+/UDWLRV)RUWKHVDPH+/
UDWLR¶VWKHSHUFHQWDJHRIFRQILQLQJVWHHOLVDOVRYDULHG
%DVHGRQWKHUHVXOWVSUHVHQWHGLQWKLVUHSRUWWKHIROORZLQJFRQFOXVLRQVDUHGUDZQ
 6WUXWDQGWLHPRGHOOLQJPHWKRGRORJ\SURYLGHGWKHJUHDWHVWLQVLJKWLQWRKRZFRQILQHGPDVRQU\ZDOOVSHUIRUP
 6WUXWDQGWLHPRGHOOLQJFDQEHXVHGDVDSRZHUIXOOWRROIRUWKHDQDO\VLVDQGGHVLJQRIFRQILQHGPDVRQU\ZDOO
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 6WUXWDQGWLHPRGHOLVPRUHDFFXUDWHZKHQ+/UDWLRRIWKHZDOOLVOHVVWKDQRUHTXDOWR
 7KHVWUXWDQGWLHPRGHOFDQEHHIIHFWLYHO\XVHGWRILQGWKHRSWLPXPSHUFHQWDJHRIWKHUHLQIRUFLQJVWHHOLQWKH
FRQILQHPHQW
 06-&DQG(&UHFRPPHQGDWLRQVRYHUSUHGLFWWKHVKHDUVWUHQJWKRIWKHZDOODWKLJKHUSHUFHQWDJHRIFRQILQLQJ
5HLQIRUFHPHQW
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